Methamphetamine (MA) alters dopamine markers and cognitive function in heavy users. In rodents, there are MA dosing regimens that induce concordant effects using repeated administration at spaced intervals. These regimens are effective but complicate experiments designed to disentangle the effects of the drug on different brain regions in relation to their cognitive effects because of treatment spacing. In an effort to simplify the model, we tested whether a single dose of MA could induce the same monoamine and cognitive effects as multiple, spaced dosing without affecting survival. Adult male Sprague-Dawley rats were treated with 40 mg/kg MA subcutaneously once and tested starting 2 weeks later. MA-treated rats showed deficits in egocentric navigation in Cincinnati water maze, in spatial navigation in the Morris water maze, and in choosing a consistent problem-solving strategy in the Star water maze when given the option to show a preference. MA-treated rats had persistent dopamine and serotonin reductions in the neostriatum and nucleus accumbens, and serotonin reductions in the hippocampus of the same magnitude as in repetitive treatment models. The data demonstrate that a single dose recapitulates the neurocognitive and monoamine effects of multiple-dose regimens, thereby simplifying the model of MA-induced neurotoxicity.
Introduction
Chronic methamphetamine (MA) abuse results in cognitive deficits in attention, learning, and memory (Ghahremani et al. 2011; Simon et al., 2000; Moon et al. 2007; Salo et al. 2002; Volkow et al. 2001; Zhong et al. 2016) . These deficits are accompanied by reductions in labeled ligand binding to the dopamine (DA) and serotonin (5-HT) transporters (DAT and SERT, respectively) in the caudate-putamen by positron emission tomography and postmortem reductions in striatal DA levels (Chang et al. 2007; Kish et al. 2009; McCann et al. 1998; Sekine et al. 2006; Volkow et al. 2001; Wilson et al. 1996) . In rodents, as in human MA users, MA treatment reduces DAT and SERT (Friend and Keefe 2013; Gross et al. 2011 ) and depletes monoamines (Cappon et al. 2000; Fukumura et al. 1998; Herring et al. 2008b Herring et al. , 2010 Sonsalla et al. 1986 ). In rodents, MA also increases glial fibrillary acidic protein, causes argyrophilia as shown by silver staining, and increases Fluoro-jade labeling of dying cells (Herring et al. 2008b; Marshall et al. 2007; O'Callaghan and Miller 1994) .
The most common neurotoxic dosing regimen is administration of three or four doses of MA spaced 2-3 h apart on a single day. These MA regimens induce cognitive impairments (Bortolato et al. 2009; Cheng et al. 2007; Daberkow et al. 2005; Gutierrez et al. 2017; Herring et al. 2008a; Heysieattalab et al. 2016; Marshall et al. 2007; Reichel et al. 2012; Schroder et al. 2003; Son et al. 2011; Vorhees et al. 2011) . They also induce neurochemical changes associated with human MA neurotoxicity and cognitive deficits (see Gutierrez et al. (2017) , Herring et al. (2008a) , and Vorhees et al. (2011) ). Understanding how MA-induced cognitive deficits relate to the neurochemical changes remains unclear because the effects occur concomitantly. Multi-dose regimens do not lend themselves to experiments aimed at dissecting which neurochemical changes are associated with which cognitive deficit. For this, a simpler model would be beneficial. Here, we present a single-dose model that induces the same effects as the multiple-dose models, both behaviorally and neurochemically.
Brain regions most affected by MA are the striatum and hippocampus. In order to assess these regions functionally, we focused on allocentric learning and memory that depends on the hippocampus and medial entorhinal cortex (Buzsaki and Moser 2013; Hafting et al. 2005; McNamara and Skelton 1993; Morris et al. 1982 Morris et al. , 1986 O'Keefe and Nadel 1979) and egocentric learning and memory that depends on the striatum and dopamine (Braun et al. 2012 (Braun et al. , 2015 (Braun et al. , 2016 Cook and Kesner 1988; Fouquet et al. 2013; Howland et al. 2008; Kelley and Domesick 1982; Kesner et al. 1989; McGeorge and Faull 1989; Packard 2009; Thierry et al. 2000) . For allocentric learning and memory, we used the Morris water maze (MWM), and for egocentric learning and memory, we used the Cincinnati water maze (CWM). The MWM and CWM are specific for each type of learning and memory, but are not suitable for determining the relative preference an animal has for one strategy versus the other. To determine if MA shifts this preference, we used a Star water maze (SWM; Fouquet et al. 2013; Rondi-Reig, 2006 ) that permits rats to choose which strategy to use.
Methods

Subjects
Adult Sprague-Dawley CD IGS male rats (251-275 g) were ordered from Charles River (strain 001, Charles River, Raleigh, NC). Rats were housed in pairs for a week following arrival to acclimate to the vivarium. Rats were then treated with MA or saline (SAL) and separated into individual cages to prevent MA-induced aggression or exaggerated MAinduced hyperthermia. All rats were tested in all three water mazes sequentially. Brain tissue was collected on all rats 24-48 h after completion of behavioral testing.
Drug Treatment and Temperature Monitoring
Three days prior to MA treatment, temperature transponders (IPTT-300; BMDS, Seaford, DE) were subcutaneously implanted in rats under isoflurane anesthesia. On the day of treatment, rats received a single injection of SAL (0.9% NaCl) or 40 mg/kg (+)-MA HCl (expressed as freebase and > 98% pure: Sigma, St. Louis, MO) in saline. The dosing volume for both groups was 3 mL/kg. Body temperatures were taken prior to drug treatment and every 30 min thereafter for 8 h. Treatment was conducted with rats housed in cages placed inside infant incubators with ambient temperature maintained at 24.0 ± 0.5°C for the 8-h monitoring period. If a rat reached a temperature of 41.0°C or above, it was placed in a cage with shallow water to dissipate excess heat. This intervention is effective in preventing hyperthermia-induced death without interfering with monoamine changes (Herring et al. 2008a ). Rats were allowed 14 days of recovery after treatment before testing began. The experimental design is shown in Fig. 1 .
Straight Channel
Because of the complexity of the CWM, rats require training to acclimate them to swimming and to find a submerged platform. Therefore, rats were tested in a straight water channel (244 × 15 × 50 cm) for four trials. This procedure exposes rats to swimming for the first time, teaches them that the hidden platform at the opposite end is the escape, and provides an independent measure of swim speed and motivation to escape by timing their transit time prior to being placed in the maze.
Egocentric Learning and Memory
Egocentric learning and memory was tested in the CWM for 18 days (Herring et al. 2008a; Vorhees et al. 2008; Vorhees and Williams 2016) . The CWM is a multiple T-maze made of gray PVC with ten T-shaped cul-de-sacs branching from a central corridor. The maze is 50 cm deep and filled with water to a depth of 25 cm. The escape platform was submerged 1.5 cm below the surface. To ensure that rats could not use distal cues, they were tested under infrared light. Rats were given two trials per day for up to 5 min per trial. If a rat found the platform in <5 min, it was given its second trial of the day within 30 s. If a rat reached the 5 min time limit on trial 1, it was given 5-10 min before trial 2. After their trials, rats were placed in a cage with thick towels to wick away excess water and allowed to dry before being moved to their housing room. The dependent measures are errors and latency to escape. An error is head and front leg entry beyond the boundary that marks the beginning of a stem or arm, or return to the start arm.
Learning Strategy
Testing in the eight-arm SWM (Fig. 2) began the day following CWM. Rats were tested for 20 days, two trials/day. The maze was adapted from Rondi-Reig et al. (2006) . The purpose of this test was to assess strategy preference. The SWM is designed such that a rat can choose whether to reach the goal on probe trials by whichever strategy it prefers, unlike the other mazes that assess only one strategy at a time. Hence, the SWM was intended to determine if MA treatment altered the rat's preferred strategy. The apparatus is 210 cm in diameter, 51 cm deep, and filled with water to a depth of 20 cm.
The maze has eight connected arms with an octagonal center hub. The room had numerous cues on the walls surrounding the maze. Testing was in two phases: Over the 20 days, there were four training days followed by one probe day; this sequence was repeated four times.
Training Rats were initially placed in the start (Arm-0) and allowed 90 s to find the hidden platform located in Arm-3. The intertrial interval (ITI) was 10 s on the platform. If a rat failed to find the platform within 90 s, it was placed there for 10 s. Latency to the hidden platform and errors (entry into arms without the platform) were recorded.
Probe On days 5, 10, 15, and 20, rats were given one training trial prior to the probe trial. For the probe, rats were started from a novel location (Arm-5) to determine what strategy they used (see below). Platforms were placed in all the other arms. Right and left proximal cues were mounted on the hub walls facing Arm-0 and Arm-5 (but left-right reversed). Rats were then given an additional training trial, starting from Arm-0, with proximal cues returned to their original training positions and with all platforms removed except for the Arm-3 platform. As with the original protocol, this was done in order to reinforce the location of the Arm-3 platform when starting from Arm-0.
Strategies Learning criteria were set so that only strategies that met the criteria were considered. Those strategies that did not meet the criteria were categorized under undetermined. For the initial learning trials, the criterion was set to at least four successful training trials out of eight. A successful trial was where the rat found the platform without committing more than one error. After the first probe, the criterion was increased to seven out of the eight trials before each of the probe trials on days 10, 15, and 20. Sequential egocentric navigation was identified if a rat used the same sequence of turns that it used to get to Arm-5 and therefore ended in Arm-0. If the rat navigated by the reversed proximal cues on the hub, it would turn right (rather than left, as was the cued path during training), would swim past Arm-1, and would end in Arm-2; this was defined as the guidance method. If the rat swam to Arm-3, it used a spatial strategy, navigating using distal room cues. If a rat went to any other arm, this was defined as undetermined. On probe trials, rats started from Arm-5. Proximal cues were moved on the center octagon on probe trials so they faced the opposite way as they had during training relative to the rat's start position. On probe trials, an egocentric strategy would cause the rat to end in Arm-0; a cued strategy would cause the rat to end in Arm-2; a spatial strategy would cause the rat to end in Arm-3. Any other pattern would result in Bundetermined^meaning no discernable strategy was used
Fig. 1 Experimental design:
Following a week of acclimation to the vivarium, rats were treated with a single injection of (+)-methamphetamine, 40 mg/kg. Two weeks later, they began behavioral testing. All rats received all tests sequentially and were then euthanized and brains taken for regional monoamine determination
Allocentric Learning and Memory
Allocentric navigation testing was conducted in a 244-cmdiameter MWM. The apparatus was made of black polypropylene with a drain in the center. The tank was 51 cm deep and was filled halfway with water. The walls surrounding the maze had spatial cues mounted on them consisting of geometric shapes and posters. Testing consisted of four phases: acquisition, reversal, shift, and cued. The acquisition phase assesses basic spatial learning. The reversal phase tests cognitive flexibility when the location of the platform is moved to the opposite quadrant from where it was during acquisition (i.e., from the southwest to the northeast quadrant). For the shift phase, the platform is moved to an adjacent quadrant (i.e., from northeast to northwest). This phase also requires cognitive flexibility but also tests interference because the rat has two prior reinforced locations while learning a third one. In effect, the rat must extinguish memory for the prior locations and stop searching in those quadrants and begin a new search and remember it (for review, see Vorhees and Williams (2006) ). The acquisition, reversal, and shift phases each consisted of 6 days of learning trials followed by a memory probe on day 7 of each phase. Days 1-6 of each phase consisted of four trials/day with a 120 s trial time limit. Probe trials had no platform and lasted 45 s. The diameter of the platform was 10 cm for acquisition, 7 cm for reversal, and 5 cm for shift. This progressively increased task difficulty as rats moved from one phase to the next. The cued phase consisted of 2 days, four trials each day, where black curtains were pulled around the maze to block the distal cues and the platform was marked with a yellow ball raised 12 cm above the water on a steel rod attached to the 10 cm diameter platform. To prevent use of distal cues, the start and platform positions were changed on every trial. Behavior was tracked using ANY-maze software (Stoelting, Wood Dale, IL).
Monoamine Analysis
Brain tissue was collected 1-2 days after the last day of behavior. Rats were decapitated and brains were removed over ice and placed in a cooled brain block. The brain was sliced coronally at the decussation of the optic chiasm followed by a second cut 2 mm anterior to the first. From the remaining section, the neostriatum and nucleus accumbens were dissected bilaterally. The hippocampus was then dissected from the cerebral hemispheres. Tissue was stored at −80°C until assayed. Monoamines were quantified by high-pressure liquid chromatography with electrochemical detection. Tissue was weighed and sonicated in ice-cold 0.1 N perchloric acid and centrifuged at 20,800 rcf at 4.0°C for 13 min. The supernatant was loaded onto a Dionex UltiMate® 3000 Analytical Autosampler (Thermo Scientific). The pump was an ESA 5840 set at a flow rate of 0.5 mL/min and temperature of 28.0°C. The Coulochem III electrochemical detector (Thermo Scientific) was set to − 150 mV for E1 and + 250 mV for E2. The guard cell was set to + 350 mV. The column was a Supelco Supelcosil™ LC-18 column (15 cm × 4.6 mm, 3 μm; Sigma-Aldrich Co.). The mobile phase was commercially available MD-TM Mobile Phase (Thermo Fisher Scientific) that consisted of 89% water, 10% acetonitrile, and 1% sodium phosphate monobasic (monohydrate). Standards for DA, 5-HT, and norepinephrine (NE) were precalculated and serially diluted in order to create a standard curve.
Statistical Procedures
All data, except SWM probe trails, were analyzed by mixed linear ANOVA models (SAS Proc Mixed, SAS Institute, Cary, NC, v9.3 TS Level 1M2) with Kenward-Rogers first-order degrees of freedom. Straight channel, SWM training trials, MWM probe trials, and brain monoamines were analyzed by one-way ANOVA. For designs with repeated measures factors, mixed linear ANOVA models were used with group as the fixed factor and day or trial as the repeated factor. These models used the compound symmetry (CS) covariance structure. Significant interactions were further analyzed using slice-effect ANOVAs at each level of the repeated measure factor. Significance was set at p ≤ 0.05. A priori predictions were made where we had prior data, i.e., that MA-treated rats would perform worse in the MWM and CWM compared with controls. For these, the statistical test was one-tailed. For all other outcomes, all F tests were two-tailed. SWM probe trials were analyzed by Fisher's exact tests with Bonferroni adjustments for multiple comparisons. Data analyzed by mixed linear ANOVA are presented as least square (LS) mean ± SEM to be consistent with assumptions of such models.
Results
Temperature
There was a main effect of drug (F(1,33.7) = 428.53, p < 0.0001; Fig. 3a ). Rats treated with MA had higher temperatures than rats treated with SAL. There was also a drug × time interaction (F(16, 525) = 15.93, p < 0.0001). MA increased temperatures at all times except at time-0.
Straight Channel
There was no drug effect on straight channel swimming latency (Fig. 3b) , indicating no motoric or motivational differences between the groups.
Cincinnati Water Maze
There was a significant drug main effect on latency (F(1,25) = 25.51, p < 0.0001; Fig. 4a ) and errors (F(1,25) = 13.70, p < 0.01; Fig. 4b ). Drug × day interactions for both latency and errors showed that rats treated with MA performed similarly to rats treated with SAL for the first 6 days; thereafter, SAL rats improved daily reaching almost no errors by day 18 and finding the escape in < 15 s, whereas MA-treated rats showed little improvement even by day 18.
Star Water Maze
There was a main effect of drug on latency (F(1,25) = 12.13, p < 0.01; Fig. 5a ) and errors (F(1,25) = 12.33, p < 0.01; Fig. 5b ) on training trials. MA-treated rats had longer latencies and made more errors compared with SAL rats. Probe trials were given on days 5, 10, 15, and 20. MA-treated rats had significantly fewer successful trials in the block prior to the day 5 probe trial (F(1,26) = 3.99, p < 0.05; Fig. 5c ) and day 10 probe trial (F(1,26) = 20.31, p < 0.001; Fig. 5c ) but not on blocks prior to the probe trials on days 15 and 20. As can be seen in Fig. 5d , there was no drug effect on the percent of rats that used an allocentric strategy. However, most SAL rats used an egocentric strategy, whereas MA-treated rats used this strategy less than SAL rats, and this was most evident on the first probe trial on day 5 (p < 0.01, Fisher's exact; Fig. 5d ). Rats without a consistent strategy were grouped as BOther.^Post hoc comparisons showed that MA-treated rats predominantly fell into this category. There were also similar differences on the second probe trial on day 10 (p < 0.05). Probe trials on days 15 and 20 were not significantly affected; however, the latter showed a trend (p < 0.09).
Morris Water Maze
There was a main effect on acquisition latency (F(1,27.1) = 7.55, p < 0.05; Fig. 6a ) and path efficiency (F(1,27.3) = 3.80, p < 0.05; Fig. 6b ). Rats treated with MA took longer and were less efficient to locate the platform than SAL rats. For the probe trial after acquisition, there were no effects (Fig. 6c ). There were no differences between the groups during reversal learning (Fig. 6d, e) . However, there was a drug effect on the reversal probe trial (F(1,26) = 5.08, p < 0.05; Fig. 6f ) with MA rats further from the former platform site than SAL rats. There was a drug main effect during shift trials on latency (F(1,26) = 7.84, p < 0.01; Fig. 6g ) and path efficiency (F(1,26) = 4.00, p < 0.05; Fig. 6h ), but no effect on the shift probe trial (Fig. 6i) . The MA-treated rats had longer latencies and less efficiency than SAL-treated rats. No significant differences in latency were detected between the groups in the cued phase: mean ± SEM: day 1: SAL 24.0 ± 3.4 s, MA 31.8 ± 3.7 s and day 2: SAL 28.9 ± 3.4 s, MA 23.5 ± 3.7 s.
Monoamines
In the neostriatum, MA significantly reduced DA (F(1,26) = 85.69, p < 0.0001; Fig. 7a ) and 5-HT (F(1,22) = 52.73, Fig. 7b ), but not NE (Fig. 7c) compared with SAL. Striatal DA levels were negatively correlated with dosing temperature (r = − 0.82, p < 0.0001), CWM latency (r = − 0.79, p < 0.0001) and errors (r = − 0.62, p < 0.001), as well as MWM acquisition latency (r = − 0.42, p < 0.05), reversal latency (r = − 0.38, p < 0.05), shift latency (r = − 0.38, p < 0.04), and reversal probe performance (r = − 0.40, p < 0.05). Striatal 5-HT levels were also negatively correlated with dosing temperature (r = − 0.81, p < 0.0001) and MWM acquisition latency (r = − 0.46, p < 0.05). In the n. accumbens, MA significantly reduced DA (F(1,24) = 7.95, p < 0.01; Fig. 7d ) and 5-HT (F(1,19) = 12.54, p < 0.01; Fig. 7e ) but not NE (Fig. 7f) relative to SAL. DA in the n. accumbens was negatively correlated with temperature (r = − 0.43, p < 0.05) as was 5-HT (r = − 0.60, p < 0.01). DA was also negatively correlated with CWM latency (r = − 0.79, p < 0.0001) and errors (r = − 0.62, p < 0.001). N. accumbens 5-HT was similarly negatively correlated with CWM latency (r = − 0.72, p < 0.001) and errors (r = − 0.60, p < 0.01) and with MWM shift latency (r = − 0.52, p < 0.05). In the hippocampus, MA significantly reduced 5-HT (F(1,26) = 244.52, p < 0.0001; Fig. 7g ) but not NE (Fig. 7h ) compared with SAL. Hippocampal 5-HT was negatively correlated with temperature (r = − 0.90, p < 0.0001) and with MWM acquisition latency (r = − 0.46, p < 0.05), reversal probe (r = − 0.48, p < 0.01), and shift latency (r = − 0.51, p < 0.01).
Discussion
The present study tested the effects of a single dose of MA on egocentric and allocentric learning and memory and on strategy preference. This dose was previously shown to reduce striatal DA; however, those experiments did not test behavior (Cappon et al. 2000; Fukumura et al. 1998) . Here, we examined the effects of the single dose on learning, memory, and monoamines up to 76 days post-treatment. Deficits in egocentric navigation after 10 mg/kg MA given every 2 h were reported previously (Herring et al. 2008a (Herring et al. , 2010 Vorhees et al. 2011 ). The present data show that a single MA dose produces the same deficits in the CWM and the same DA reductions in the neostriatum and n. accumbens as the 10 mg/kg × 4 regimen. This is consistent with data that show striatal 6-hydroxydopamine injections also impair CWM learning (Braun et al. 2012 (Braun et al. , 2015 (Braun et al. , 2016 .
The SWM was developed by Rondi-Reig and colleagues (2006; , as a five-arm maze that we modified to have eight arms. MA-treated rats exhibited deficits learning this maze and failed to use a consistent strategy on probe trials. Probe trials showed that SAL-treated rats relied predominantly on an egocentric strategy. This was apparent on the first and second probe trials. It was less evident on the third and fourth probes apparently because after receiving many repetitive learning trials, the rats began to explore other possible exits. This is a known effect of over-training (Gasbarri et al. 2014; Yin et al. 2004 ). This apparently did not occur in the experiments by Rondi-Reig et al. because they used mice. Interestingly, MA-treated rats did not show the same egocentric preference as controls, perhaps because of the severe DA reductions in the neostriatum, a region that plays an important role in egocentric navigation.
In terms of spatial learning and memory, we have shown that 4 × 10 mg/kg MA at 2-h intervals impairs spatial navigation but only in a large MWM (244 cm in diameter) (Gutierrez et al. 2017) , with no effects in smaller tanks (Friedman et al. 1998; Herring et al. 2008a; Schroder et al. 2003) . For this study, deficits were found during acquisition and shift platform trials, but not on reversal, but were seen on the reversal probe trial. Patterns such as these are not unusual. We previously found with other treatments that reversal is sometimes less sensitive than acquisition or shift, perhaps because of positive transfer of training that can occur as rats become more familiar with the task requirements (Vorhees et al. 2009 ).
In some experiments with the 4 × 10 MA dosing regimen, impaired MWM acquisition, reversal, and shift platform trials were found (Gutierrez et al. 2017) . Previous studies using multiple-injection regimens (Friedman et al. 1998; Gutierrez et al. 2017; Herring et al. 2010) found 5-HT reductions in the hippocampus of MA-treated rats as was found here after a single dose. 5-HT reductions in the hippocampus may contribute to the MWM deficits since allocentric learning is hippocampally mediated. This single-dose approach used here could be used to test the specificity of 5-HT hippocampal effects in future studies.
The pattern of effects found here with one dose versus experiments using the 10 × 4 regimen is minor. These differences are most likely the result of slight variations in the rats, housing conditions, room temperatures, or other procedures that, while every effort was made to maintain the same conditions, cannot be totally controlled over the years that intervened between experiments. Changes in the vivarium alone could account for some minor differences, but for all intents and purposes, the outcomes from this single-MA-dose method and the four-dose method show remarkable convergence and will permit future experiments to be done with pharmacological interventions without having to factor in the timing across four doses of MA.
